Tregs not only keep immune responses to autoantigens in check, but also restrain those directed toward pathogens and the commensal microbiota. Control of peripheral immune homeostasis by Tregs relies on their capacity to accumulate at inflamed sites and appropriately adapt to their local environment. To date, the factors involved in the control of these aspects of Treg physiology remain poorly understood. Here, we show that the canonical Th2 transcription factor GATA3 is selectively expressed in Tregs residing in barrier sites including the gastrointestinal tract and the skin. GATA3 expression in both murine and human Tregs was induced upon TCR and IL-2 stimulation. Although GATA3 was not required to sustain Treg homeostasis and function at steady state, GATA3 played a cardinal role in Treg physiology during inflammation. Indeed, the intrinsic expression of GATA3 by Tregs was required for their ability to accumulate at inflamed sites and to maintain high levels of Foxp3 expression in various polarized or inflammatory settings. Furthermore, our data indicate that GATA3 limits Treg polarization toward an effector T cell phenotype and acquisition of effector cytokines in inflamed tissues. Overall, our work reveals what we believe to be a new facet in the complex role of GATA3 in T cells and highlights what may be a fundamental role in controlling Treg physiology during inflammation.
Introduction
Impaired function or homeostasis of Tregs has been implicated in the development of several autoimmune and inflammatory diseases. In addition to controlling autoimmune responses, Tregs regulate immunity to infection of viral, bacterial, or parasitic origin and can restrain responses to tumors or grafts (1) (2) (3) . Thus, Tregs control a large array of immune responses in the context of various polarized settings as well as in distinct microenvironments. This implies that maintenance of peripheral homeostasis relies on the capacity of Tregs to appropriately adapt to defined settings while maintaining their regulatory capacity. Such control is particularly critical in tissues highly exposed to microbial stimulation and environmental insults such as the gastrointestinal (GI) tract or the skin.
Sustained expression of Foxp3 in Tregs is critical for maintaining regulatory function (4) . Signaling events and factors downstream of TCR signaling, such as calcium signaling and the NF-κB and Ras-ERK pathways, have been shown to be important for both the induction and maintained expression of Foxp3 (5) . For instance, signaling through cooperation of NFAT/Foxp3 complexes and the NF-κB pathway through c-Rel and binding of Runx1-Cbf-β complex to the CNS2 loci in the Foxp3 gene, are critical for sustained Foxp3 expression (6) (7) (8) (9) (10) . In addition, Tregs are highly dependent upon survival factors, in particular IL-2 (11) (12) (13) . Although the molecular control of Tregs is well characterized, how the integration of these factors contributes to the maintenance of a Treg program in the context of inflammation is poorly understood.
Accumulation and survival of Tregs at the site of inflammation is also critical for their ability to regulate ongoing immune responses (3, (14) (15) (16) (17) (18) (19) (20) . Moreover, recent evidence suggests that the capacity of Tregs to control defined polarized settings can be associated with the acquisition of specific transcription factors. For instance, T-bet, IRF4, and STAT3 can contribute to the capacity of Tregs to control Th1, Th2, and Th17 responses, respectively (21) (22) (23) . Via expression of these factors, Tregs can partially mimic the phenotype of the effector T cells, a property that could endow them with finely tuned homing, survival, or functional properties (3) . However, in some extreme settings, such adaptation can also be associated with the expression of effector cytokines (24) (25) (26) . For instance, we have previously shown that in the context of a lethal oral infection with Toxoplasma gondii, T-bet expression by Tregs was associated with their production of IFN-γ (18) , and recent evidence suggests that in experimental diabetes, a significant fraction of IFN-γ-producing effector T cells may have derived from cells previously expressing Foxp3 (27) . Furthermore, both in humans and mice, Tregs that reside in the intestine can express RORγt, which is associated with an ability to produce IL-17 (28, 29) , and fate-mapping strategies revealed that a significant proportion of IL-17 effector T cells in the gut had at one time expressed Foxp3 (30) .
Tregs are mostly self reactive when emerging from the thymus and believed to be further shaped for self reactivity in the periphery (31) . This suggests that if armed with effector cytokines such as IFN-γ or IL-17, Tregs could contribute to tissue damage and/or become ineffective in regulating effector responses (32) (33) (34) (35) . In support of this, a recent report identified a population of Tregs expressing IFN-γ in the context of autoimmunity in humans (36) . Thus, Treg plasticity is likely to be tightly controlled. A corollary to this idea is that in most circumstances, and particularly in settings where the host survives severe inflammation, Tregs remain stable and rarely express effector cytokines (37) .
Because of the cardinal role of Tregs in maintaining peripheral homeostasis, a better understanding of the factors controlling their maintenance of a program compatible with regulatory function as well as their accumulation in inflamed tissues is clearly needed. In the present study, we have shown that the canonical Th2 transcription factor GATA3 plays a critical role in Treg physiology by preventing excessive polarization toward an effector phenotype and enhancing their capacity to accumulate within inflamed tissues.
Results

Foxp3 + Tregs from barrier sites express high levels of GATA3. Previous
work has shown that at sites undergoing constitutive inflammation such as the GI tract, a substantial fraction of Tregs expressed the transcription factor associated with Th17 lineage polarization, RORγt (ref. 30 and Figure 1A ). On the other hand, Tregs from this site did not express T-bet, the transcription factor associated with Th1 lineage ( Figure 1A ). Intriguingly, a third of Tregs residing in the small and large intestinal lamina propria (Lp) also expressed the canonical Th2 transcription factor GATA3 ( Figure 1 , A and C). Evaluation of GATA3 expression at other locations revealed that 80% of dermal Tregs also expressed this transcription factor ( Figure 1 , B and C). The expression of GATA3 by Tregs was less
Figure 1
Dermis and gut Lp Tregs express high levels of GATA3. (A) Gut Tregs express RORγt and GATA3. Cells were harvested from SILp, stained for T-bet, RORγt, GATA3, and Foxp3, and assessed by flow cytometry. Plots are gated on live CD4 + TCR-β + cells; isotype for RORγt. (B) GATA3 is highly expressed in dermis Tregs. Cells were harvested from spleen and ear pinna, stained for GATA3 and Foxp3, and assessed by flow cytometry. Plots are gated on live CD4 + TCR-β + cells. Numbers in quadrants refer to the percentage of each subset. (C) Barrier tissue resident Tregs express higher levels of GATA3 than peripheral Tregs. Percentages of Foxp3 + CD4 + TCRβ + cells expressing GATA3 in spleen (Spln), peripheral LN (PLN), lung, liver, mesenteric LN (MLN), Peyer patches (PP), SILp, colon Lp, and dermis. **P < 0.001. n = 3 mice per group. Data are presented as mean ± SEM. (D) Nuclear localization of GATA3. Foxp3 eGFP+ cells were purified by sorting from the SILp of naive Foxp3 eGFP mice and stained for Foxp3 (green), GATA3 (red), and Hoescht (blue), and localization of proteins was assessed by confocal microscopy. Right image is enlargement of top left image. Scale bars: 5 μm. (E) GATA3 is expressed by dermis Tregs in rhesus macaque. Cells were harvested from the dermis and stained for CD3, GATA3, and Foxp3. Number refers to frequency of GATA3 + cells. Plot is gated on live Foxp3 + CD3 + CD8 -cells (filled histogram, isotype control; open histogram, GATA3). Data shown are representative of 3 independent experiments (A and B) and 1 experiment (E) with similar results.
pronounced in lymphoid organs as well as in other tissues, such as the lung and liver ( Figure 1 , B and C). In contrast, the expression of GATA3 in Foxp3 -T cells was less pronounced in comparison with Tregs (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI57456DS1). Confocal imaging of purified Foxp3 + T cells confirmed the nuclear localization of GATA3 in small intestine Lp (SILp) Tregs ( Figure 1D ). Thus, a significant fraction of Tregs residing at barrier sites express the canonical Th2 transcription factor GATA3. Of note, coexpression of GATA3 with Foxp3 was not restricted to mice, as a high frequency of Foxp3 hi CD3 + dermal cells from rhesus macaques also expressed GATA3 under steady-state conditions ( Figure 1E ).
GATA3 is upregulated in Tregs following TCR engagement. Previous work has demonstrated that GATA3 can be induced in conventional CD4 + T cells following TCR stimulation (38) (39) (40) . To assess whether a similar mechanism could account for GATA3 expression by Tregs, highly purified Foxp3 + CD4 + T cells were cocultured with splenic DCs (SpDCs) in the presence of anti-CD3 antibody. As early as 24 hours after stimulation, up to 65% of Tregs expressed high levels of GATA3 (Figure 2A ). Addition of recombinant IL-2 (rIL-2) did not significantly increase the level of GATA3 expression by Tregs at 24 hours, but was required for sustained GATA3 expression at 72-96 hours (data not shown). Addition of IL-2 alone was sufficient to induce low levels of GATA3 expression by Tregs, but optimal expression was observed in the context of TCR stimulation (Supplemental Figure 2 ). GATA3 expression by Tregs was further confirmed by assessment of mRNA expression (Supplemental Figure 3) . We next wanted to determine whether human Tregs expressed GATA3 following TCR engagement. To this end, CD4 + CD25 bright CD127 lo Tregs were purified by sorting from the peripheral blood of healthy donors and cultured on plate-bound anti-CD3 antibody and anti-CD28 antibody in the presence of rIL-2 for 3 days. After sorting, a small fraction of human Tregs isolated from PBMCs expressed low levels of GATA3 (Figure 2A) . Notably, GATA3 expression was dramatically enhanced in human Tregs as early as 24 hours and was sustained for the duration of the 3-day culture (Figure 2A ). Thus, both mouse and human Tregs can express GATA3 upon TCR engagement.
To assess whether inducible Treg (iTreg) cells could also upregulate GATA3, naive CD4 + Foxp3 eGFP-cells were cultured in the presence of anti-CD3 antibody, TGF-β, and rIL-2 for 4 days. After 96 hours of culture, we found that in vitro-induced murine Tregs expressed GATA3 to the same extent as in vitro-activated natural Tregs (nTregs) ( Figure 2B ). Because we and others had previously shown that the gut-associated lymphoid tissue (GALT) is a preferential site for the induction of Tregs (41, 42), we next assessed whether GATA3 could also be expressed by mucosal-induced Tregs. To this end, CD4 + Foxp3 -T cells from Foxp3 eGFP OTII transgenic mice were adoptively transferred into congenic CD45.1 + C57BL/6 recipient mice that received OVA protein dissolved in their drinking water for 7 consecutive days. At the conclusion of the experiment, OTII iTregs from the SILp expressed a comparable level of GATA3 to host Tregs ( Figure 2, C and D) .
To determine whether GATA3 expression by Tregs was restricted to the GI tract or the skin environment, we utilized an approach previously shown to lead to systemic activation and expansion of Tregs (43) . As previously described, following injection of mice with rIL-2 coupled with anti-IL-2 antibody, Tregs proliferated, as evidenced by increased expression of Ki-67 (Supplemental Figure  4) and their increased frequency ( Figure 3A ). Under these condi- tions, GATA3 expression by Tregs was upregulated systemically ( Figure 3A ). To further explore the potential role of IL-2 in controlling GATA3 expression by Tregs, we assessed the expression of this transcription factor in IL-2-deficient mice. In these mice, the frequency of Tregs is dramatically reduced in the periphery (44, 45) , but to a lesser extent in the GI tract (18) . We found that in contrast with those from control mice, Tregs from the small intestine Lp of IL-2-deficient mice did not express GATA3 ( Figure  3B ). Thus, Tregs from both mice and humans can readily express GATA3 upon TCR engagement and/or exposure to IL-2. Our data suggest that expression of this transcription factor by Tregs at barrier sites reflects their status of activation rather than an adaptation to a defined milieu.
Cytokine control of GATA3 expression by Tregs. Because Th2 cytokines have been shown to contribute to the upregulation of GATA3 by conventional CD4 + T cells (46) (47) (48) (49) , we assessed whether the same factors could account for constitutive GATA3 expression by Tregs in tissue. To this end, we examined GALT Tregs in the context of loss of function of the shared IL-4 and IL-13 receptor (IL-4Rα KO), loss of Th2 cytokines (IL-4 KO and IL-13 KO), or molecules involved in their signaling (STAT6 KO). As expected, steady-state expression of GATA3 by conventional Foxp3 -T cells was dependent on STAT6 signaling ( Figure 4A ). In contrast, the pattern of GATA3 expression by Tregs was unaltered in the aforementioned mice ( Figure 4A and Supplemental Figure 5 ). Thus, constitutive expression of GATA3 by Tregs is independent of Th2-associated cytokines ( Figure 4A and Supplemental Figure 5 ). Although Th2 factors were not involved in the constitutive expression of GATA3, we postulated that exposure to Th2 cytokines may positively regulate its expression. Indeed, addition of exogenous IL-4 to in vitro-stimulated Tregs enhanced GATA3 expression (Supplemental Figure 6) . However, increased levels of GATA3 by Tregs in vitro or in vivo was not associated with the expression of effector Th2 cytokines.
Previous work has established that several inflammatory cytokines can oppose GATA3 expression in conventional CD4 + T cells (50, 51) . To evaluate whether these inflammatory cytokines could also regulate the induction of GATA3 in Tregs, we stimulated FACS-sorted Tregs with anti-CD3 antibody in the presence of SpDC and various inflammatory mediators and assessed GATA3 expression in these cells by flow cytometry. Addition of IL-6 or IL-27 prevented GATA3 expression by Tregs ( Figure 4B ). In a less dramatic manner, exposure to IL-12 also led to a reduced GATA3 expression, while IL-23 alone had no effect on the expression of GATA3 by Tregs, possibly due to lack of IL-23 receptor expression on these cells ( Figure 4B ). As a corollary to this observation, mice in which IL-6/IL-27 signaling is altered (STAT3 f/f -CD4Cre) (52, 53) GATA3-deficient Tregs fail to accumulate in tissues and express effector cytokines. To further evaluate the role of GATA3 in the control of Tregs, Gata3 flox/flox Foxp3-IRES-Cre (Gata3 f/f -FIC) mice were generated. Young mice in which GATA3 has been selectively deleted from Foxp3-expressing cells did not exhibit any overt inflammatory disorder at steady state, and Tregs from lymphoid organs or residing in tissue were present at a frequency similar to that seen in control mice (data not shown). Thus, GATA3 is not essential for Treg survival under homeostatic conditions. To assess the role of GATA3 in Tregs after disruption of homeostasis, competitive mixed bone marrow chimeras were generated by lethally irradiating CD45.1 + congenic mice and transferring CD45.1 + CD45.2 + WT bone marrow in combination with bone marrow from CD45.2 + Gata3 f/f -FIC mice. Conventional T cell chimerism was equivalent between GATA3-deficient and control T cells (data not shown). Strikingly, we found that Gata3 f/f -FIC Tregs failed to compete with WT Tregs ( Figure 5 , A and B). We also utilized a complementary approach to delete GATA3 from Foxp3 + Tregs without manipulating Foxp3 alleles. Gata3 f/f -OX40Cre mice represent a useful tool for deleting GATA3 from Foxp3-expressing cells because Tregs constitutively express OX40 (54) and OX40 is expressed late during thymic development (54, 55) . Similar data were observed in In agreement with our data using Gata3 f/f -FIC donors, we found that Gata3 f/f -OX40 Tregs that reside in the GALT also expressed increased levels of RORγt and IL-17A compared with WT Tregs in mixed bone marrow chimeras (Supplemental Figure 8) . Thus, under homeostatic proliferation conditions, GATA3-deficient Tregs not only fail to accumulate in tissues but also acquire effector cytokine production.
To assess whether absence of GATA3 could have functional consequences on the ability of Tregs to control tissue inflammation, we utilized a well-described model of T cell transfer colitis (56) . Colitogenic CD4 + CD45RB hi T cells were transferred into Rag1-deficient (Rag-KO) mice either alone or together with Gata3 f/fOX40Cre Tregs or Gata3 f/f littermate Tregs (Gata3 f/f ). As expected, CD4 + CD45RB hi T cells led to severe inflammation associated with significant weight loss that was prevented when Gata3 f/f Tregs were cotransferred ( Figure 6A ). In contrast, Gata3 f/f -OX40Cre Tregs were severely impaired in their capacity to control weight loss mediated by colitogenic effector T cells ( Figure 6A ). Consistently, mice cotransferred with Gata3 f/f -OX40Cre Tregs had increased pathology compared with mice cotransferred with Gata3 f/f Tregs ( Figure  6 , B and C). Although gut pathology precluded the evaluation of effector cytokine production by tissue Tregs in this setting, failure to control pathology was associated with significant reduction in the frequency of Gata3 f/f -OX40Cre Tregs in the colon Lp compared with Gata3 f/f Tregs (10% ± 1.4% vs. 25.4% ± 1.5%) ( Figure 6 , D and E). Together, these data suggest that GATA3 controls various aspects of Treg physiology in the context of inflammation including the capacity of Tregs to accumulate at inflamed sites and, in some settings, acquisition of effector cytokines.
GATA3 controls Treg polarization. The intriguing observation that under homeostatic proliferation, GATA3-deficient Tregs could produce effector cytokines prompted us to assess the role of GATA3 in controlling Treg polarization. A canonical feature of the transcription factors involved in Th cell differentiation is their capacity to crossregulate each other's expression. To evaluate whether such reciprocal control could also occur in Tregs, we assessed their relative expression of transcription factors in tissues at steady state and during inflammation. As previously discussed, a significant proportion of Tregs residing in the SILp expressed RORγt ( Figure  1A) , with a subfraction of these cells able to release IL-17 upon activation (30) . Notably, we found that the expression of GATA3 and RORγt were mutually exclusive in SILp Tregs ( Figure 7A ). We have recently demonstrated that following oral infection with lethal strains of T. gondii, Tregs also acquired the capacity to produce IFN-γ in a T-bet-dependent fashion (18) . In the Lp of infected mice, the proportion of Tregs expressing GATA3 was significantly reduced compared with Tregs from naive mice ( Figure 7B and Supplemental Figure 9 ). Thus, high levels of RORγt or T-bet expression by Tregs is inversely correlated with that of GATA3 expression. One possibility was that GATA3 directly opposes RORγt and T-bet. To assess whether GATA3 could directly bind to Tbx21 or Rorc, genes encoding T-bet or RORγt, respectively, we utilized a ChIP-Seq approach to map GATA3-binding sites in Tregs genome wide. We found that GATA3 was able to bind to both tbx21 and Rorc gene loci in Tregs with a similar pattern to that observed in Th2 cells ( Figure 7C and ref. 57) . We found that 68% of the total 2,979 GATA3-binding sites in nTregs were similarly bound by GATA3 in Th2 cells (57) . Notably, there are many genes that were bound by GATA3 only in Tregs but not in Th2 cells (57) . Furthermore, we found that GATA3 bound to the CNS2 element in the Foxp3 gene ( Figure 7C ). These results further suggest that GATA3 may contribute to several aspects of Treg function or homeostasis.
In order to specifically address the potential role of GATA3 in the regulation of T-bet and RORγt expression, we utilized Tregs that ectopically express GATA3 by transgenic expression of GATA3 under the control of the human CD2 promoter (GATA3 Tg mice) (58) . Enforced expression of GATA3 did not influence the level of expression of Foxp3 by Tregs or modify their capacity to suppress T cell proliferation in vitro (data not shown). Purified Tregs from GATA3 Tg mice and littermate control mice were stimulated in vitro using anti-CD3 antibody and rIL-2 in the presence of SpDC with or without addition of Th17-polarizing cytokines (IL-6 and IL-23) or Th1-polarizing cytokine (IL-12). Upon exposure to IL-6 and IL-23 or IL-6 alone (data not shown), RORγt was induced in one-third of WT Tregs ( Figure 7E ). Thus, taken together, our data show that under inflammatory settings, GATA3 expression in Tregs limits the expression of transcription factors associated with effector T cell differentiation. In particular, GATA3 controls RORγt and aberrant production of IL-17A. Overall, these data suggest a model in which increased exposure to inflammatory signals can limit GATA3 expression, which in turn leads to increased polarization of Tregs (Supplemental Figure 10) .
GATA3 controls Foxp3 expression and Treg accumulation at inflamed
sites. In addition to their aberrant production of cytokines in polarized settings, Tregs deficient in GATA3 failed to accumulate in tissues. Various factors may account for this defect, including impaired proliferation, survival, or stability. In vitro GATA3-deficient Tregs were comparable in their suppressive function of effector T cell proliferation as well as their capacity to survive and proliferate (Supplemental Figure 11 and data not shown). Thus, failure to control inflammation may be primarily associated with impaired maintenance at inflamed sites rather than to function or proliferation. To further explore this possibility, we evaluated the fate of Tregs under nonhomeostatic proliferation conditions. Although Tregs have been shown to control inflammation during EAE induced by suboptimal immunization, in more conventional models using high doses of peptide, Treg depletion has a minimal effect on disease progression (59, 60) . Nevertheless, this later model allowed us to further probe the ability of GATA3-deficient Tregs to be maintained within a highly Th17-polarized environment (59) . We designed chimeric mice with either Gata3 fl/+ -Foxp3Cre or Gata3 fl/fl -Foxp3Cre bone marrow in a way that allowed normalizing Treg frequencies between the 2 groups. Prior to immunization for EAE, the frequency of Tregs was comparable between the 2 groups (Supplemental Figure 12) . This approach allowed us to track Tregs independently of homeostatic proliferation. Following immunization with MOG in CFA, disease progression was comparable between the 2 groups. However, GATA3-deficient Tregs were significantly reduced in frequency in the inflamed central nervous environment ( Figure 8A ). Our data confirm that at the peak of the disease a significant proportion of Tregs express GATA3 (Supplemental Figure 13 ). Thus, GATA3 expression correlates with the activation status of Tregs under this setting. This observation also further supports a role for GATA3 in controlling Treg fate in highly inflamed tissues. Furthermore, GATA3-deficient Tregs expressed significantly lower levels of both CD25 and Foxp3 in the brain but not in other compartments such as the spleen (Figure 8, A and B) . This decrease in Foxp3 intensity was consistently observed under various inflammatory or polarized settings including mixed bone marrow chimeras or in Gata3 f/f -Foxp3Cre mice infected with Th2-inducing Heligmosomoides polygyrus (Figure 8, A and B) . Consistent with previous findings that depletion of Tregs does not alter worm burden (61) , fecundity of worms, as assessed by fecal egg counts, was unaffected in the absence of GATA-3 in Tregs at the time point analyzed. Although we cannot exclude the possibility that long term pathology may be increased in the absence of GATA3 expression by Tregs, at the time point examined, we did not observe gross changes in pathological outcome.
Further supporting the idea that GATA3 function is revealed under extreme settings, reduced Foxp3 expression was most notable at sites of inflammation or in highly polarized settings ( Figure 8, A and B) . Recent findings demonstrated that a conserved noncoding DNA sequence element (CNS2) at the Foxp3 locus encodes information associated with the stability of the Treg population. Intriguingly, as previously mentioned, our ChIP-seq data showed that GATA3 specifically binds to the CNS2 element of foxp3, suggesting a link between this regulatory element and GATA3. These results suggest that GATA3 is necessary for promoting the accumulation of Tregs at inflamed sites, a phenomenon that can be at least in part associated with the capacity to sustain Foxp3 expression.
Discussion
Our data revealed an unexpected role for the canonical Th2 transcription factor GATA3 in controlling certain key features of Treg physiology during inflammation. In particular, GATA3 restrains excessive polarization and inflammatory cytokine production by Tregs. Furthermore, our data demonstrate that Treg intrinsic expression of GATA3 is required for the maintenance of high-level Foxp3 expression and promotes Treg accumulation at inflamed sites. Altogether, our work reveals a new facet in the complex role of GATA3 in T cell fate and highlights its fundamental role in controlling Treg physiology during inflammation.
While we found that GATA3 represents a default response for Tregs upon TCR engagement, increased exposure to inflammatory signals can limit its expression. Our work supports the following model in which, under physiological or mild inflammation, intrinsic expression of GATA3 by Tregs can partially restrain expression of transcription factors associated with effector T cell lineage and sustain high levels of Foxp3 expression. In extreme settings, sustained inflammatory responses and loss of GATA3 could lead to an unleashed polarization by Tregs and their potentially harmful production of effector cytokines as well as loss of their regulatory phenotype.
In the present study, we found that GATA3 is highly expressed in Tregs at barrier sites such as the skin and the gut and is readily expressed in Tregs following TCR activation. Gene expression analysis previously reported the coexpression of Foxp3 and GATA3 on Tregs (62) . Furthermore, iTregs derived from naive human cells can express high levels of GATA3 (63) , and in mice, a small fraction of Tregs residing in the spleen expressed GATA3 (64) . Physical interaction between Foxp3 and GATA3 has been previously reported; however, the consequence of this interaction remains unclear (65, 66) . Our present data obtained both in vivo and in vitro further confirm that committed and induced Tregs from both mice and humans coexpress Foxp3 and GATA3.
Because overexpression of GATA3 or exposure to IL-4 can inhibit the induction of Foxp3 during iTreg differentiation, previous reports have suggested that GATA3 and Foxp3 coexpression were incompatible in Tregs (63, 67, 68). We could argue that these data are associated with the high level of GATA3 expression reached under these overexpression conditions (63, 67, 68) . It also remains unclear in this setting whether IL-4-dependent GATA3 or GATA3-dependent IL-4 production is responsible for suppressing Foxp3 induction (63) . Another possible explanation for these apparently conflicting results may be associated with the mechanism by which GATA3 is induced. Indeed, in the above-mentioned settings, GATA3 was induced in an IL-4/ STAT6-dependent manner (63, (66) (67) (68) . However, we found that constitutive expression of GATA3 by Tregs in vivo was independent of the IL-4/STAT6 signaling pathway, suggesting that its expression is induced via other means in Tregs. GATA3 expression by conventional CD4 + T cells can be induced by other factors such as TCR, IL-2, Wnt, or Notch (38-40, 69, 70) . Our in vitro data revealed that in the absence of inflammatory mediators, GATA3 was ubiquitously induced in Tregs following TCR engagement in both mice and human Tregs, suggesting that under neutral conditions, GATA3 is a default response to TCR stimulation. This finding is consistent with our observation that at steady state, GATA3 is primarily expressed in Tregs residing in tissues that exhibit constitutive low-level inflammation, such as the GI tract and the skin. Our data also support the idea that IL-2 contributes to the expression of GATA3 by Tregs. Indeed, treatment of mice with IL-2/anti-IL-2 complex led to a systemic and significant increase of GATA3 expression by Tregs, while expression of GATA3 by Tregs was abolished in IL-2-deficient mice. Because IL-2-deficient mice develop pathology over time, ongoing inflammation could also account for the effect observed. However, in our facility, we found that these mice do not develop inflammation before 15 weeks of age, suggesting that lack of GATA3 expression by Tregs in 8-week-old mice is more likely a consequence of IL-2 deficiency than increased inflammation. A role for IL-2 in promoting GATA3 expression is further supported by the observation that during acute T. gondii infection in which IL-2 is limiting, Tregs fail to express GATA3. However in both settings, we cannot fully exclude the possibility that upregulation of IL-27 or IL-6, cytokines we have shown to inhibit GATA3 expression by Tregs, could also contribute to this effect. Intriguingly, IL-2 alone induces low levels of GATA3 by Tregs. Previous work demonstrated that IL-2 could directly trigger a low level activation by Tregs (71, 72) , and our present results support the idea that GATA3 expression may be part of this response. Although IL-2 is not absolutely required for early GATA3 expression by Tregs in the context of TCR engagement, we found that IL-2 is required to sustain its expression. As previously shown for conventional T cells, IL-2 may promote or maintain GATA3 expression in a STAT5-dependent manner (69) . Although dissociating the role of IL-2 in Treg survival versus GATA3 induction remains difficult at this point, we could speculate that both roles may account for optimal and sustained GATA3 expression upon activation. In addition, steady-state expression of GATA3 by tissue-resident Tregs is likely to reflect their status of activation and in particular recent TCR engagement in the context of IL-2 rather than an adaptation to a defined environment.
One canonical feature of the transcription factors involved in Th cell differentiation is their capacity to crossregulate their expression. Our data support the idea that such a mechanism of regulation also occurs in Tregs. Indeed, in vivo expression of GATA3 at steady state was mutually exclusive with that of RORγt expression in GALT Tregs. Similarly, T-bet-expressing Tregs that arose during acute T. gondii infection did not coexpress GATA3. While GATA3 expression appears to be a default response of Tregs under neutral conditions, cytokines associated with either Th1 or Th17 differentiation can oppose its upregulation. Notably, we found that cytokines signaling through STAT3 (such as IL-6, IL-27) or STAT4 (such as IL-12) limited GATA3 expression by Tregs. In conventional T cells, signaling of IL-12 through STAT4 inhibits the expression of GATA3 in Th1 cells, and downstream of STAT4, T-bet can also downregulate the expression of GATA3 (69, (73) (74) (75) . Similar mechanisms may account for the negative regulation of GATA3 expression in Tregs. Of note, the degree of inhibition was not as profound in the presence of IL-12 compared with STAT3-signaling cytokines. This latter finding is consistent with the fact that unless exposed to a highly Th1-polarizing milieu, Tregs poorly expressed IL-12Rβ2 and are consequently ill equipped to optimally respond to this cytokine (18, 21) . Our data indicate that inflammatory cytokines directing Tregs toward a Th1 or Th17 phenotype are associated with the reduction of GATA3 expression, and conversely, enhanced GATA3 expression occurs in situations in which signaling via these cytokines is limited.
Recent reports provide evidence that a degree of plasticity through the acquisition of specific transcription factors in Tregs was required for them to exhibit control in defined polarized settings (21) (22) (23) . Such plasticity, however, is not without consequences, as we and others have shown that in extreme inflammatory settings or in defined compartments, Tregs can express effector cytokines (18, (24) (25) (26) (27) . For instance, previous reports demonstrated that a subfraction of RORγt + Tregs can produce IL-17A (33) . We found that in the gut, expression of RORγt was exclusive with that of GATA3 in Tregs and that following reconstitution in mice, GATA3-deficient Tregs produced increased levels of IL-17A compared with WT Tregs. We have also previously shown that in the context of lethal T. gondii infection, T-bet-expressing Tregs produce high levels of IFN-γ (18) . In both instances, effector cytokine production by Tregs occurred in situations in which GATA3 was reduced or absent. Previous work supported the idea that in some settings in which Foxp3 expression is reduced by genetic manipulation, Foxp3-low cells expressing GATA3 aberrantly produced IL-4 (66). However, in our Th2 setting, loss of GATA3 was not associated with production of IL-4 or IL-13, suggesting that loss of Foxp3, rather than induction of GATA3, confers a Th2 phenotype to Tregs.
Our data obtained both in vivo and in vitro suggest that one function of GATA3 is to control excessive Treg polarization and prevent acquisition of effector cytokines. Indeed, ChIP-seq data revealed multiple binding sites of GATA3 on both the Tbx21 and Rorc loci. Together with the distinct patterns of expression of T-bet and RORγt, this suggests that GATA3 may directly control the level of expression of these factors. In further support of this hypothesis, ectopic expression of GATA3 in Tregs reduced the induction of both transcription factors by inflammatory cytokines in vitro. Finally, in the absence of GATA3, Tregs that accumulate in the GI tract following reconstitution expressed increased levels of RORγt compared with WT Tregs and acquired the capacity to produce high levels of the effector cytokine IL-17A. While both T-bet and RORγt were controlled by GATA3 in vitro, our results in vivo support the idea that GATA3 may have a more pronounced role on the latter. Such an endogenous brake may endow Tregs with the appropriate survival/homing properties in polarized settings while restraining their potentially detrimental expression of effector functions. Further studies are required to understand the complex interplay of these transcription factors in the control of Treg adaptation versus pathogenicity during inflammation.
Accumulation of Tregs is critical for their ability to maintain tissue homeostasis (3, (14) (15) (16) (17) (18) (19) (20) . The lack of spontaneous inflammatory disorders in Gata3 f/f -FIC mice suggests that GATA3 is not essential for Treg steady-state homeostasis in young mice. On the other hand, a role for GATA3 in promoting Treg fitness/survival/adaptation was revealed under inflammatory or homeostatic proliferative settings. Indeed, expression of GATA3 by Tregs was required for their accumulation under various experimental settings including inflammation under nonhomeostatic proliferation conditions such as GI infection or EAE. We also found that this impaired accumulation had functional consequences for the capacity of Tregs to control colitis. Various nonexclusive factors can account for impaired accumulation in tissues including defects in proliferation, migration, or local stability/survival. We found no obvious defects in the capacity of GATA3-deficient Tregs to proliferate in vitro. Complementing these data, GATA3 was not required for expansion of Tregs following IL-2/anti-IL-2 treatment. Furthermore, GATA3 was not required for Treg suppression of effector responses in vitro, which is consistent with the lack of inflammatory disorders observed in Gata3 f/f -FIC mice. These observations would argue that failure of GATA3-deficient Tregs to control colitis might be primarily associated with impaired accumulation rather than a defect in proliferation or suppression.
One striking observation was the consistent decrease in Foxp3 expression by Tregs in all inflammatory settings evaluated including Th2-polarized nematode infection or Th17-polarized EAE. Such a feature has been previously associated with poor stability of Tregs. Recent findings demonstrated that a conserved noncoding DNA sequence element (CNS2) at the Foxp3 locus encodes information associated with the stability of the Treg population (10) . In particular, CNS2 is required for sustained Foxp3 expression in the progeny of dividing cells. Of note, our ChIP-seq analysis revealed that GATA3 binds to the CNS2 region in the Foxp3 gene. We also found that in the absence of GATA3, Tregs phenocopy CNS2-deficient Tregs in terms of reduced frequencies and decreased Foxp3 expression on a per cell basis during inflammation (10) . Foxp3 binds to CNS2 in a Cbf-β-Runx1 and CpG DNA demethylation-dependent manner (10) , and it would remain important to assess how GATA3 integrates in this module to promote Treg lineage stability. We could also speculate that reduced Foxp3 expression in the absence of GATA3 can contribute to the aberrant production of cytokines observed by these cells during inflammation. Several studies have demonstrated the importance of maintained, sufficiently high levels of Foxp3 protein expression to preserve full suppressor function (10, 76, 77) . Thus, other factors, such as defects in function or migration, can also account for the phenotype observed. Nevertheless, impaired Treg stability via reduction of Foxp3 expression in the absence of GATA3 can be sufficient to explain the poor accumulation of Tregs in inflamed tissues or during homeostatic proliferation and the subsequent impaired control of inflammation. Importantly, the capacity of Tregs to sustain Foxp3 expression and favor their tissue accumulation was observed regardless of the polarized setting or tissue evaluated, suggesting a ubiquitous role for GATA3 in controlling Treg fate during inflammation.
Overall, our results support the idea that in a manner comparable to that of the role of GATA3 in conventional T cells, the role of this transcription factor in Tregs is likely to be complex and affect many aspects of their physiology. In this study, we uncover 2 of its potential roles. In particular, GATA3 controls excessive effector polarization by Tregs and their capacity to accumulate in tissues during inflammation. Although observed in various inflammatory settings and more recently during autoimmunity in humans (36) , the role of IFN-γ or IL-17 production by Tregs remains, to date, unknown. In the context of our present study, it would remain important to further explore the contribution of aberrant polarization of Tregs versus impaired accumulation observed in the absence of GATA3 to tissue damage and/or impaired control of effector responses. We could speculate that in highly polarized settings, these events are likely to contribute in a synergistic manner to the failure of Tregs to be maintained and appropriately control tissue damage. While the identification of the factors involved in the adaptation of Tregs is likely to offer important therapeutic avenues, further characterization of elements, such as GATA3, involved in the control of Treg fate during inflammation will be equally critical to our understanding of peripheral tolerance and the development of safe therapeutic approaches.
Methods
Mice. C57BL/6 (WT) and B6.SJL mice were purchased from Taconic Farms or bred in house. Foxp3 eGFP reporter mice (Foxp3 eGFP ) were obtained from M. Oukka (Seattle Children's Research Institute) (78) . Gata3 flox/flox -Foxp3-IRES-Cre (Gata3 f/f -FIC) mice were generated by crossing C57BL/6 Gata3 flox/flox (79) with Balb/c Foxp3-IRES-Cre mice (80) and subsequently backcrossed to the C57BL/6 background 4 more generations. Gata3 f/f -OX40Cre mice were described in ref. 47 and bred in house. Gata3 f/f -Foxp3-Cre mice were generated by crossing the Gata3 flox/flox mouse (47) to the Foxp3-Cre mouse (gift from Alexander Rudensky, Sloan-Kettering Institute, New York, New York, USA) (81). Gata3 transgenic mice expressing the human CD2 promoter were bred in house (58) . ChIP-seq analysis. FACS-sorted CD4 + CD25 + T cells were expanded with plate-bound anti-CD3/anti-CD28 in the presence of rIL-2 (100 U/ml) for 3 days. 5-10 × 10 6 cells were then cross-linked with formaldehyde, and the chromatin was sonicated into small fragments. Then the fragmented chromatin was immunoprecipitated with anti-GATA3 (clone L50-823; BD Biosciences). The ChIP DNA fragments of approximately 200 bp were treated and sequenced using the Illumina/Solexa 1G Genome Analyzer as previously described (82) . Sequence reads were summed and displayed as a custom track on the UCSC Genome Browser.
Phenotypic analysis. Cells from spleen, mesenteric LN, intestinal epithelial lymphocytes, Lp, and Peyer patches were prepared as previously described (42) . Cells from the dermis were prepared as previously described (83) . Single-cell suspensions were incubated with anti-FcεIII/II receptor. Cells were stained with fluorochrome-conjugated antibodies against surface markers CD4 (RM4-5), CD8a (53-6.7), CD25 (PC61.5), TCR-β chain (H57-597), CD45.1 (A20), and CD45.2 (clone 104), in HBSS for 20 minutes on ice and then washed. Live/ Dead Fixable Blue Cell Stain Kit (Invitrogen) was used to exclude dead cells. For Foxp3 (FJK-16s) staining, cells were subsequently stained using the Foxp3 staining set (eBioscience) according to the manufacturer's protocol. Nuclear Ki-67 staining was performed using an antibody against human Ki-67 (B56) from BD Biosciences - Pharmingen. For GATA3, RORt, and T-bet staining, anti-GATA3 (L50-823; BD Biosciences - Pharmingen), anti-GATA3 (TWAJ), anti-RORt (AFKJS-9), and anti-T-bet (eBio4B10) from eBioscience were used. Cell acquisition was performed on an LSRII machine using FACSDiVa software (BD Biosciences). For each sample, at least 300,000 events were collected. Data were analyzed using FlowJo software (TreeStar).
Murine T cell purification. Single-cell suspensions of spleen and peripheral LNs extracted from naive Foxp3 eGFP , GATA3 Tg, and C57BL/6 WT mice were enriched for CD4 + T cells by a negative selection using an autoMACs (Miltenyi Biotec). The enriched fraction was further labeled with fluorescent dye-conjugated mAbs, including CD4 (RM4-5), CD25 (7D4), CD44 (IM7), and CD45RB (16A) (all from eBioscience), and sorted by flow cytometry on a FACSAria (BD Biosciences). Purified CD4 + CD25 -CD44 loeGFP-T cells (<0.5% Foxp3 + ) were used for in vitro conversion assays. Purified CD4 +eGFP+ or CD4 + CD25 bright cells were used for Treg-DC incubation.
In vitro restimulation and intracellular cytokine detection. RPMI 1640 supplemented with 10% FBS, penicillin, streptomycin, gentamicin, HEPES, glutamine, nonessential amino acids, and 50 mM of β-mercaptoethanol was used for in vitro restimulation. For basal cytokine detection, spleen, mesenteric lymph node (MLN), and lamina propria (LP) single-cell suspensions were cultured in duplicate at 1 × 10 6 cells/ml in a 96-well U-bottom plate and stimulated with 50 ng/ml PMA (Sigma-Aldrich) and 5 μg/ml ionomycin (Sigma-Aldrich) in the presence of brefeldin A (GolgiPlug, BD Biosciences). After 4 hours, dead cells were stained as described previously, washed twice with PBS, and fixed using paraformaldehyde 2% (Electron Microscopy Sciences) solution. Cells were then stained with fluorochromeconjugated antibodies against TCR-β chain (H57-597), CD4 (RM4-5), IFN-γ (XMG1.2), IL-17A (17B7), IL-10 (JES5-16E3), IL-2 (JES6-1A12), Foxp3 (FJK-16s), or isotype controls: rat IgG1 (eBRG1), rat IgG2a (eBR2a), rat IgG2b (eB149/10H5), and mouse IgG1 (clone P3) in the presence of antiFcεIII/II receptor for 60 minutes in FACS buffer containing 0.5% saponin. All antibodies were purchased from eBioscience or BD Biosciences.
Murine Treg stimulation. 3-5 × 10 4 CD4 + Foxp3 eGFP+ T cells were cocultured in each well with SpDCs purified from naive mice at a 1:1 ratio in complete medium with soluble anti-CD3 mAb (0.25 μg/ml) (BD Bioscience), and 1-5 ng/ml of rIL-2 (PeproTech) was supplemented in cocultures. After incubation for 24 hours with SpDC alone or in the presence of anti-CD3 for 72 hours, rIL-2 was added at the beginning of the culture. Various combinations of cytokines including 10 ng/ml of rIL-6, IL-12, IFN-γ, or mAb anti-IL-12/23p40, or 10 μg/ml of anti-IFN-γ and anti-IL-4 antibody were added at the start of coculture as described above. After 4- to 5-day culture at 37°C, 5% CO2, cells were harvested and stained for Foxp3, GATA3, T-bet, RORγt, and cytokines as previously described.
Human Treg purification and activation. PBMCs were prepared over FicollPaque Plus gradients (GE Healthcare). CD4 + T cells were purified by positive selection using Miltenyi beads over the autoMACS cell separator (both from Miltenyi Biotec). The cells were labeled with CD4 FITC, CD45RA PECY5, and CD25 PE, purchased from Invitrogen, and CD127 Alexa Fluor 647 from BD Biosciences - Pharmingen. Labeled CD4 + cells were sorted with FACSAria Flow Cytometer (BD Biosciences) for 2 populations: Tregs, CD4 + CD127 -CD25 hi , and naive T cells, CD4 + CD127 + CD25 -CD45RA + . The post-sort purity was higher than 99%. Other than fresh time points, all FACS-sorted cells (1 × 10 6 cells per well) were activated in vitro with plate-bound anti-CD3 and anti-CD28 (2 μg/ml each) in 24-well culture plates coated overnight at 4°C. The culture medium consisted of RPMI (Lonza) with 10% heat-inactivated serum and 50 IU/ml IL-2 (Hoffman-LaRoche). Human Tregs were cultured under activating conditions in the presence of anti-IL-4 and anti-IFN-γ (R&D Systems). Cells were stimulated for 1-3 days, then washed and stained for intracellular expression of FoxP3 and GATA3.
Oral antigen administration. CD4 + Foxp3 -CD44 lo T lymphocytes from the secondary LNs and spleen of OT-IIxFoxp3 eGFP mice (CD45.2) were purified by FACS sorting and adoptively transferred into naive B6.SJL recipient mice (CD45.1). Each mouse received 1.5-2 × 10 6 cells and then 1.5% OVA solution dissolved in drinking water (grade V; Sigma-Aldrich) for 6 consecutive days. On day 7, spleen, MLN, and LP were collected from B6.SJL hosts, and Foxp3 and GATA3 expression were assessed in transferred cells. Spleen, MLN, and LP single-cell suspensions were prepared and stained as described above.
IL-2 in vivo treatment. rIL-2 and anti-IL-2 antibody complexes were administered or not administered intraperitoneally for 5 consecutive days. The complex was formed by incubating 1.5 μg recombinant mouse IL-2 and 15 μg of functional grade purified anti-mouse IL-2 (clone: JES6-1A12; eBioscience) for 5 minutes at room temperature.
Parasite and infection protocol. ME-49 type II strain (ATCC # 50840) of T. gondii was used for production of tissue cysts in C57BL/6 mice. Tissue cysts used in experiments were obtained from mice that were inoculated 1-2 months previously with 5 cysts by gavage. Animals were sacrificed, brains were removed and homogenized in 1 ml of PBS, pH 7.2, and tissue cysts were counted on the basis of 3 or more aliquots of 20 μl. For challenge studies, 8- to 12-week-old mice were used for all studies. Mice were infected by oral route. Parental ME-49 was electroporated with RFP and selected for red fluorescence. STAg was prepared as previously described (84) . Mice were perorally infected with the 150 infective stage larvae (L3) H. polygyrus.
Confocal analysis. Foxp3 eGFP+ T cells from the spleen and SILp were sorted from naive Foxp3 eGFP reporter mice. Cells were subsequently stained for Foxp3 (FITC), GATA3 (AF647), and Hoechst 33342 (Invitrogen) as previously described. Images were acquired on a Yokogawa CSU-22 spinning disc confocal unit installed on an IX-71 inverted Olympus microscope. The confocal microscope is equipped with 5 lasers delivering the wavelengths 405, 440, 488, 514, 561, and 640 nms via a single mode optic fiber. The confocal contains a quad dichroic (for 405, 488, 561, and 640 nm excitations), and corresponding emission filters are installed in a filter wheel before the camera. Images were acquired using an EMCCD camera (Quant-EM; Photometrics) and either a ×60, 1.45 NA TIRF or a ×100 1.4 NA oil immersion objective. All hardware was controlled using Metamorph software. Image analysis was also performed using Metamorph software.
T cell transfer model of colitis. CD4 + T cells were enriched by negative selection with the CD4 + T cell Isolation Kit (Miltenyi Biotec). Naive CD4 + CD45RB hi T cells were purified (>98%) from spleens and peripheral LNs of congenic C57BL/6 mice via FACS sorting as previously described (85) with a cell sorter BD Aria II (BD). CD45.2 + CD4 + CD25 + Tregs were isolated from Gata3 f/f or Gata3 f/f -OX40Cre mice from the spleens and peripheral LNs and cotransferred at a 1:3 ratio with naive CD4 + CD45RB hi T cells. T cell suspensions were washed in sterile HBBS, and female Rag1 −/− recipient mice received 3 × 10 5 CD45.1 + CD4 + CD45RB hi T cells by intraperitoneal injection. For cotransfer experiments, CD4 + CD25 + Tregs (6 × 10 4 cells) were transferred per mouse.
Pathology assessment. Mice were euthanized 8 weeks after induction of colitis. Small and large intestines were removed and immediately fixed in a solution containing 10% formalin. Paraffin-embedded sections were cut at 0.5 μm and stained with H&E. The sections of the small and large intestine were examined histologically. Inflammation was scored on the following modified scale (86) of 0-5: 0, within normal limits; 1, minimal inflammatory leukocyte infiltrates multifocally or locally; 2, mild inflammatory leukocytic and granulocytic infiltrates within the Lp; 3, mild to moderate inflammatory infiltrates in the Lp and submucosa, alterations in intestinal crypts, local to diffuse thickening of the mucosal epithelium; 4, moderate to marked inflammatory infiltrates of primarily viable and degenerate neutrophils, eosinophils, lymphocytes, plasma cells admixed with cellular debris within the Lp and submucosa with separation or loss of crypts; and 5, marked to severe inflammation diffusely with altered or complete loss of normal histologic structures and abundant inflammatory infiltrates that may extend transmurally (with peritonitis).
RNA purification and quantitative PCR. Total RNAs were isolated using a combination of TRIzol (Invitrogen) and an RNeasy Kit (QIAGEN). cDNAs were prepared using SuperScript III Reverse Transcriptase (Invitrogen). Quantitative PCR was performed on a 7900HT Sequence Detection System (Applied Biosystems) using the following predesigned primer-probe sets: β-actin (Applied Biosystems) and GATA3, as previously described (47) .
Experimental autoimmune encephalomyelitis. CD45.1 congenic mice were lethally irradiated and reconstituted with either Gata3 fl/+ -Foxp3Cre bone marrow or Gata3 fl/fl -Foxp3Cre bone marrow. Mice were allowed to reconstitute for 9 weeks before immunization for EAE. Mice were immunized with 200 μg of MOG35-55 peptide (Invitrogen) emulsified in CFA, containing 250 μg of heat-killed Mycobacterium tuberculosis (Invitrogen) subcutaneously in 100 μl total volume. On day 0 and day 2, mice were given 200 ng of pertussis toxin (List Biological Laboratories) intraperitoneally. After day 7, mice were observed daily for disease onset. Disease score was as follows: 0, no disease; 1, tail paralysis; 2, impaired gait and/or impaired righting reflex; 3, partial hind limb paralysis; 4, full hind limb paralysis; 5, front limb paralysis and complete hind limb paralysis; 6, moribund.
Statistics. Groups were compared with Prism software (GraphPad) using a 2-tailed unpaired Student's t test. Data are presented as mean ± SEM. P < 0.05 was considered significant.
Study approval. All mice were bred and maintained under pathogen-free conditions at an American Association for the Accreditation of Laboratory Animal Care-accredited animal facility at the NIAID and housed in accordance with the procedures outlined in the Guide for the Care and Use of Laboratory Animals under an animal study proposal approved by the NIAID Animal Care and Use Committee. Peripheral blood was obtained from healthy adult donors by the Department of Transfusion Medicine at the NIH. All subjects provided written informed consent. The acquisition of blood products was approved according to the NIAID Institutional Review Board and in accordance with the Declaration of Helsinki.
